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HIGH LASER DAMAGE THRESHOLD POROUS SILICA
ANTIREFLECTIVE COATING

I. M. Thomas*

Lawrence Livermore National Laboratory
Livermore, California

ABSTRACT

A quarterwave-thick, narrow-bandwidth, antirefiective coating for
fused silica optical components and KDP crystals has been developed.
The coating consists of porous silica prepared from a siiica sol in
ethanol. It is applied by dip or spin from a solution at room
temperature and requires no further treatment. The Taser damage
threshold levels are about equal to the surface damage thresholds of

the uncoated substrates.

Introduction

Surfaces of transmitting optical components of high power lasers
require coatings or other treatment to reduce their reflectivity and the
attendant loss. Laser-induced damage to traditional multilayer,
thin-film, antirefiective (AR) coatings usually limits the laser's
maximum power.

We have previously shown that porous silica surface layers are
capable of rendering antireflective surfaces with substantially higher
resistance to laser-induced damage than traditional AR coatings. 1-3)
Such surfaces have been produced by acid leaching of phase-separated(4)
and non phase-separated(S) borcsilicate glass; the latter process
developed by Schott Optical Technologies, Inc., and called the Neutral
Solution Process, is currently used on borosilicate optics for the 100 kJ
Nd-glass laser Nova at Lawrence Livermore National Laboratory.

*Work performed under the auspices of the U.S. Department of Energy by
Lawrence Livermore National Laboratory under Contract No. W-7405-ENG-48.



-2-

More recently, we have investigated the use of porous silica as an AR
coating which can be applied to a wide variety of optical and nonlinear
optical materials not treatable by the earlier processes. The use of
porous silica as an AR coating 1s well known; acid neutralized sodium
silicate(s) and sflica sols(7'8) have been used on glass substrates
to produce films of varying degrees of effectiveness. Both of these are
aqueous systems and use commercially avallable materials. Some work has
also involved the use of organic silicates as the silica source.(g)

These materials are readily hydrolyzed to silica and have been applied as
acld catalyzed partfally hydrolyzed products in organic solution to give
porous coatings after exposure to water and heat. A somewhat more
complicated system has been developed in which a sol-gel process was used
to deposit a multi-component glass film of a composition that could phase
separate; the film was then heated to cause phase separation and one
phase was preferentially removed by leaching and etching to lTeave the
second phase as a porous high silica containing film.(3']°)

Because of the special nature of coatings required for laser
applications, particularly damage resistance, our investigation has
involved the use of organic silicates, specifically tetraethyl
orthosilicate, S1(0C2H5)4. as the silica source. This material is
a volatile Tiquid which can readily be purified by fractional
distillation: sfilica obtained by hydrolysis retains the high purity
Tevel and thus laser damage due to impurities is minimized.

51(0C2H5)4 + ZHZO - 5102 + 4C2H50H.

The hydrolysis of ethyl silicate requires either an acidic or basic
catalyst and the intermediate products are quite different in each case.
Acid catalysis initially gives a soluble polyethoxysiloxane; at this
stage it can be applied to a substrate and subsequent heat treatment to
450°C to decompose organic entities is required to form porous 5102.

The porosity of this coating can be increased if necessary by an HF
etch.(9> When we investigated this process the AR properties were

quite satisfactory but we experienced low laser damage thresholds in some
cases; this was possibly due to carbonaceous residues left in the coating
from incomplete removal of organic material during the heat treatment.
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When a base catalyst is used for hydrolysis, a colloidal suspension
of silica particles is formed directly at room temperature and these
particles are substantially free of organic entities. When this
suspension is applied to a substrate, a porous silica coating consisting
of layers of silica particles is obtained after evaporation of the
solvent. This coating, in contrast to the acid catalyzed material,
contains a minimum of organic residues and is not heated; carbonaceous
by-products are therefore not present and high laser damage thresholds
result. In this investigation, the base catalyzed system was used
exclusively.

The particle size can be varied from approximately 5 nm to about 2
microns by changing water, base catalyst or silica concentrations or by
variation in the solvent. In this investigation ethanol was normally
used as the solvent with a slight excess of water and ammonia as
catalyst; this resulted in substantially uniform particles approximately

20 nm in diameter.

2. Experimental

Tetraethyl orthosilicate was fractionaily distilled under nitrogen
using a 120 cm vacuum jacketed and silvered Vigreux glass column fitted
with an infinitely variable distillation head. The fraction boiling at
166-167°C was collected and was stored in glass bottles under nitrogen
prior to use.

A typical coating sol was prepared by the base catalyzed hydrolysis
of the distilled product by a method similar to that described by
Stober(1l) as follows. Concentrated ammonium hydroxide solution (57%
analytical reagent, 9.6 g) was added to a solution of tetraethyl silicate
(31.2 g) in anhydrous ethyl alcohol (259 g) with stirring at room
temperature. The reaction mixture was then allowed to stand at room
temperature for three days to allow hydrolysis and sol formation to be
completed. The final product consisted of a colloidal suspension of
SiO2 particles in substantially anhydrous ethanol at a concentration of
3.0%. Transmission electron microscopy indicated the silica particles
were approximately spherical with a diameter of about 20 nm.
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Coating sols of different silica content were prepared by variation
in the quantities of silicate and ammonium hydroxide solution; in
addition, some sols were prepared in methanol rather than ethanol. The
performance of all these materials was similar.

Coating was carried out either by a spin or dip process. Samples
were coated at room temperature and then air dried; no further treatment
was required. For AR coatings optimized for 350 nm wavelength 1ight, a
withdrawal rate of 5 cm/min was suitable for the dip process. Spinning
was carried out at 350 rpm and required ethanol dilution of a 3% silica
coating sol to 0.75% silica. Thicker coatings for longer wavelength
Tight were obtained by multidip or spin with air drying in between.

The results described in the next section were obtained on 5 cm
diameter by 1 cm thick polished fused silica substrates and on 5 cm x
5 cm x 1.75 cm potassium dihydrogen phosphate (KDP) crystals with
diamond-turned surfaces.(IZ) Fused silica focussing lenses of 80 cm
diameter and 27 cm square KDP crystals are now coated routinely and their
performance is similar to that reported for the smaller samples.

Discussion of Results

Transmission spectra of coatings on fused silica and KDP substrates
are shown in Figs. 1 and 2. These spectra are characteristic of
quarterwave AR coatings of refractive index corresponding to the
relationship n_ = \[ﬁ;-ﬁ; where n_ 1s the index of the coating, n; is
the 1ndex of air, and n, is the index of the substrate. Appropriate
substitution indicates that the index of the coating 1s approximately
1.22. Further calculation then shows that the silica particles must be
stacked to give an average porosity of about 50%.

It 1s interesting to note that the densest possible packing of
uniform spheres gives a porosity of only 26%. We must therefore conclude
that the slight variations in particie size and shape and also possible
particle porosity contribute to the increased porosity of coatings
obtatned from them.
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The effect of multicoats on fused silica substrates is also
illustrated in Fig. 1. This figure shows the transmission of the
substrate when given successive coats of a sol containing 2.24% silica at
a withdrawal rate of 3 cm/minute. Samples were air dried at room
temperature between coats. Transmittance of about 100% was measured at
370 nm and at 550 nm after application of, respectively, the second and
third coating tayers. At the minima, transmittance of the coated
substrate was equal to the bare substrate. The refractive index of the
coating was therefore homogeneous, not graded. The coating with peak
transmission at 550 nm had optical thickness of 137.5 nm which implies
that about 46 nm of optical thickness was added during each coating
application. A coating with a thickness of 92 nm (two layers) would have
peak transmission at 368 nm whiie a single layer would be transmissive at
184 nm. These values are consistent with the measured spectra,
scattering in the coating and absorption in the substrate displacing the
predicted 184 nm transmission maximum to 220 nm.

We have found that thicker coatings can also be obtained by
increasing the silica content in the coating sol.

Figure 3 gives laser damage thresholds measured at three different
laser wavelengths and puise durations for the sol coatings on fused
silica substrates, and that measured at one laser wavelength for the
coatings on KDP substrates. The 248-nm threshold was measured by Foltyn
at Los Alamos National Laboratory. These thresholds were measured on
coatings whose thicknesses were arranged such that maximum transmission
occurred at the measurement wavelengths. The thresholds obtained

approximately equal the thresholds measured for the uncoated substrate

surfaces.(]3)

Summary

A method has been developed to prepare porous siiica AR coatings on
silica or KDP substrates. Tkis involves the preparation of a silica sol
in ethanol from a high purity organic silicate starting material and
application of this sol, by spin or dip, to substrates at room
temperature followed by an air dry. No further processing is required
and coatings with high Taser damage thresholds and excellent optical

performance are obtained.
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Figure Captions

1. Transmittance of coatings on fused silica substrates.
2. Transmittance of coatings on diamond-turned KDP substrates.

3. Laser damage thresholds.
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Transmission spectrum of porous silica HR coating on
fused silica is controlled by coating’s thickness
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Transmission of KDP
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Typical damage threshold levels
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